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Abstract
We search for dynamical substructures in the LAMOST DR3 very metal-poor (VMP) star catalog.
After cross-matching with Gaia DR2, there are ∼ 3300 VMP stars with available high-quality astro-
metric information that have halo-like kinematics. We apply a method based on self-organizing maps,
StarGO, to find groups clustered in the 4D space of orbital energy and angular momentum. We
identify 57 dynamically tagged groups, which we label DTG-1 to DTG-57. Most of them belong to
existing massive substructures in the nearby halo, such as the Gaia Sausage or Sequoia. The stream
identified by Helmi et al. is recovered, but the two disjoint portions of the substructure appear to have
distinct dynamical properties. The very retrograde substructure Rg5 found previously by Myeong et
al. is also retrieved. We report six new DTGs with highly retrograde orbits, two with very prograde
orbits, and 12 with polar orbits. By mapping other datasets (APOGEE halo stars, and catalogs
of r-process-enhanced and CEMP stars) onto the trained neuron map, we can associate stars with
detailed chemical abundances to the DTGs, and look for associations with chemically peculiar stars.
The highly eccentric Gaia Sausage groups contain representatives both of debris from the satellite
itself (which is α-poor) and the Splashed Disk, sent up into eccentric halo orbits from the encounter
(and is α-rich). The new prograde substructures also appear to be associated with the Splashed Disk.
The DTGs belonging to the Gaia Sausage host two relatively metal-rich r-II stars and six CEMP stars
in different sub-classes, consistent with the idea that the Gaia Sausage progenitor is a massive dwarf
galaxy. Rg5 is dynamically associated with two highly r-process-enhanced stars with [Fe/H] ∼ −3.
This finding indicates that its progenitor might be an ultra-faint dwarf galaxy that has experienced
r-process enrichment from neutron star mergers.
Subject headings: galaxies: halo — galaxies: kinematics and dynamics — galaxies: formation —
methods: data analysis
1. INTRODUCTION
The proto Milky-Way halo has undergone frequent
mergers with small dwarf galaxies in the early universe
(redshift z & 1). Some dwarf galaxies have survived until
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today, such as the Fornax and Sculptor dwarf spheroidal
galaxies (dSphs), while some of the survivors are being
shredded by the Milky Way and formed tidal streams,
such as the Sagittarius dwarf galaxy (Ibata et al. 1995;
Mateo et al. 1996; Ibata et al. 2001; Majewski et al.
2003), seen clearly in the ‘Field of Streams’ (Belokurov
et al. 2006). Others, especially the most ancient and
least massive dwarfs, are fully disrupted and can only
be traced from their debris. Helmi et al. (1999) found
a significant substructure of eight stars from Hipparcos
data on a highly inclined orbit, clumped in phase space
and metallicity; additional candidate members of this
stream were added by Chiba & Beers (2000). Smith et
al. (2009) used a “light-motion” catalogue, built from
the multi-epoch Sloan Digital Sky Survey (SDSS) Stripe
82 dataset, to find four discrete kinematic over-densities
among the halo sub-dwarfs, one of which was the Helmi
et al. (1999) moving group. In addition, an ex situ or
accreted component of the inner halo was suggested by
several earlier studies of local halo stars (e.g., Chiba &
Beers 2000; Carollo et al. 2007, 2010; Nissen & Schuster
2010; Beers et al. 2012; An et al. 2015).
In the Gaia Era, the magnificent astrometry provided
by its Data Releases (DR, Gaia Collaboration et al. 2018)
can be combined with a variety of spectroscopic surveys
such as SDSS (York et al. 2000), SEGUE (Yanny et al.
2009), RAVE (Kunder et al. 2017), APOGEE (Abolfathi
et al. 2018), and LAMOST (Cui et al. 2012; Zhao et al.
2012; Deng et al. 2012) to study the 6D kinematics of
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millions of stars. Several studies quickly showed that
the inner halo is dominated by the single accretion event
of a massive progenitor (Belokurov et al. 2018; Myeong
et al. 2018b; Haywood et al. 2018; Helmi et al. 2018).
This structure is known as the Gaia Sausage (see e.g.,
Belokurov et al. 2018), identified in the SDSS-Gaia DR1
dataset (Deason et al. 2017), or Gaia-Enceladus (Helmi
et al. 2018), based on Gaia DR2. However, there are
differences in the dynamics of the stars included in the
two identifications. The Gaia Sausage comprises stars
with high eccentricities and strongly radial motions, with
near-zero rotation, consistent with a head-on collision
(Belokurov et al. 2018), whereas Gaia-Enceladus includes
many retrograde stars in addition (Helmi et al. 2018).
Judged on dynamical grounds, the retrograde stars
partially included as members of Gaia-Enceladus are
more likely to be the residue of a different, but promi-
nent, accretion event, hinted at earlier by Carollo et al.
(2007) and Majewski et al. (2012). Searches in velocity or
action space (Myeong et al. 2018b,c) have demonstrated
the existence of numerous high-energy, retrograde stellar
substructures. More interestingly, many of halo glob-
ular clusters on retrograde orbits have specific orbital
characteristics (e.g., inclinations, eccentricity) which are
also very similar to the retrograde stellar substructures.
Based on the numerous retrograde halo substructures
with particular orbital characteristics, they are now be-
lieved to be associated with a counter-rotating accre-
tion event, called the ‘Sequoia Event’ (Myeong et al.
2019). It has been suggested that Sequoia contributes
to the relatively low-eccentricity halo component stud-
ied with APOGEE DR14 data (Mackereth et al. 2019).
Using the SAGA database (Suda et al. 2008) of metal-
poor stars with detailed chemical abundances, Matsuno
et al. (2019) also showed that this high-energy retrograde
group has distinct [α/Fe] abundance patterns compared
to the Gaia Sausage. This adds additional chemical evi-
dence that these retrograde halo stars indeed come from
a distinct accretion event, reinforced by the recent anal-
ysis of Monty et al. (2019). This interpretation is also
supported by the identification of a break radius in the
relative age profile of BHB stars in the inner halo, seen
to occur at ∼ 14 kpc (Whitten et al. 2019), which implies
two distinct stellar populations with disparate ages.
In this work, we search for the debris from small, an-
cient dwarf galaxies. Although they leave detritus in
the nearby halo, their contribution is much smaller than
massive systems, such as the Gaia Sausage and Sequoia.
Thus, finding their debris is more difficult, because both
the number of stars is smaller and the clustering sig-
nature is weaker. These obstacles may be overcome
by examination of stellar samples in the low-metallicity
regime. Small dwarf galaxies are primarily populated
by very metal-poor (VMP; [Fe/H] < −2.0) stars (e.g.,
Simon 2019), thus the fraction of halo stars originating
in low-mass systems is higher in samples of stars having
lower metallicities.
Here, we examine the largest currently available VMP
catalog, from LAMOST DR3 (Li et al. 2018). Most of
the stars in the catalog have heliocentric distances less
than 5 kpc, so there are precise parallaxes and proper
motions available from Gaia DR2 (Gaia Collaboration
et al. 2018; Lindegren et al. 2018). This allows us to
select stars with halo kinematics, and calculate their or-
bital energies and angular momenta. We look for sub-
structures clustered in dynamical space, using the neural
network based clustering method StarGO (Yuan et al.
2018), which implements an unsupervised learning algo-
rithm, Self-Organizing Maps. Neurons learn the struc-
ture from the input data set, and the learning results
can be visualized by a 2D map from which groups can
be identified and their significance quantified.
The clustering method employed in this work is dif-
ferent from the algorithms used previously, which rely
on first building a smooth background model in veloc-
ity or action space from the data, and then looking for
residuals with respect to the background (Carlin et al.
2016; Myeong et al. 2018a,c). We are interested in com-
paring the results of our algorithm with earlier catalogs
of substructure, in order to provide added confidence in
the substructures that are identified, irrespective of the
algorithm employed. As VMP stars also are found in
larger dwarf galaxies, we also expect to identify massive
accreted systems like the Gaia Sausage (Belokurov et al.
2018) and Sequoia (Myeong et al. 2019), based on their
characteristics in phase space and orbital properties.
Some of the VMP substructures are the remnants
of ultra-faint dwarfs (UFDs) and dwarf spherodials
(dSphs). However, they are much closer than any surviv-
ing intact satellites, the nearest of which are at least ∼ 20
kpc from the Galactic center. The VMP groups there-
fore offer a unique opportunity to study the chemistry
of UFDs and dSphs with nearby, relatively bright, stars.
The UFDs provide an environment in which early nucle-
osynthesis signatures are recorded in r-process-enhanced
stars and different sub-classes of carbon-enhanced metal-
poor (CEMP) stars. Currently, the UFD Reticulum
II is known to be enriched by rapid neutron-capture
events, as 7 out of 9 of its observed giant stars are
very r-process-enhanced stars (Ji et al. 2016; Roederer
et al. 2016). Recently, the UFD Tucana III has been
shown by Marshall & Hansen (2019) to possess at least
four additional moderately r-process-enhanced stars, in
addition to the one originally identified by Hansen et
al. (2017). The other UFDs exhibit extreme deficien-
cies in their heavy-element abundances, lacking over-
abundances of both s-process and r-process elements.
Among the canonical dSphs, almost all of them have
some moderately enhanced r-I (i.e., +0.3 6 [Eu/Fe]
6 +1.0) and highly enhanced r-II (i.e., [Eu/Fe] > +1.0)
stars. However, there are only a few stars for each
galaxy having their full set of elemental-abundance pat-
terns measured (see Hansen et al. 2017, and references
therein).
Here, we show how to search for possible associations
between disrupted satellite debris and chemically pecu-
liar stars. At present, it is challenging to trace their
origins due to the small numbers of stars with avail-
able high-resolution confirmation of their distinctive nu-
cleosynthetic patterns, although previous attempts have
provided interesting results already (e.g., Roederer et
al. 2018; Hansen et al. 2019). However, as an alter-
native approach, we can map these catalogs onto the
trained neural network to look for associations between
our dynamically tagged groups and chemically peculiar
stars (c.f., Yuan et al. 2019). This opens the window to
the study of the birth environment of these stars in the
nearby halo, where high-resolution spectroscopic data
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are readily obtainable. The same method can be used
to map abundances, such as those for the halo sample
of APOGEE (Abolfathi et al. 2018), onto the dynamical
groups to study their positions in the plane of abundance
versus metallicity, and hence study their relationship to
the samples of thin- and thick-disk stars from the same
data set.
This paper is organized as follows. Details of our in-
put catalog of VMP stars are described in Sec. 2. The
methodology of the group identification and the asso-
ciation with stars from other catalogs are presented in
Sec. 3. We compare the identified dynamically tagged
groups with existing substructures in Sec. 4, emphasising
our new discoveries. Chemically peculiar stars associated
with our substructures are discussed in Sec. 5. Finally,
we summarize our principal results in Sec. 6.
2. DATA
The LAMOST DR3 VMP catalog is the largest (pub-
lished) sample of VMP stars to date, containing 10,008
stars covering a large area of sky in the Northern
Hemisphere (Li et al. 2018). We cross-match LAMOST
DR3 VMP with Gaia DR2, and obtain 9690 stars with
full 6-D kinematics. We then employ a pipeline similar to
the SEGUE Stellar Parameter Pipeline (SSPP; Lee et al.
2008; Beers et al. 2014), modified to work with LAMOST
data (Lee et al. 2015), to obtain refined estimates of the
atmospheric parameters Teff , log g, and [Fe/H] (as well as
[C/Fe] and [α/Fe], although we do not make use of these
abundance ratios in the present paper). In the process,
we have identified and eliminated several thousand stars
from the original catalog which were incorrectly identi-
fied as VMP for a variety of reasons – usually poor flux
calibration, spectral defects in the region of the Ca II K
line, unusually high reddening estimates, etc.. There are
a total of 7814 stars that remain with [Fe/H] < −1.8.13
We correct the Gaia parallax measurement for each
star by adding an offset of 0.054 mas (Scho¨nrich et al.
2019; Everall et al. 2019), and use the inverse of the
corrected parallax to calculate the distance. We further
select stars within 5 kpc with precise parallax measure-
ments. The radial velocity is corrected by 4.75 kms−1
from the cross-match between LAMOST DR3 VMP and
Gaia RVS. The values of solar motion used are (U , V , W )
= (11.10, 12.24, 7.25) kms−1 (Scho¨nrich et al. 2019), and
the motion of the LSR is vLSR = 232.8 kms
−1 (McMillan
2011). Since we are interested in halo stars from an ac-
creted origin, the Toomre diagram is used to select those
with clear halo kinematics. All the selection rules are
summarized below:
1. parallax ≥ 0.2 mas,
2. parallax over error ≥ 5,
3. ‖v-vLSR‖ > 210 km/s.
Application of the above criteria yields 3364 stars, which
we refer to below as the VMP halo catalog. Using the
same criteria, we create a halo sample of 4546 stars from
APOGEE data (Abolfathi et al. 2018). We first use the
13 A “cleaned” LAMOST DR3 VMP catalog is provided in an
online dataset accompanying this paper.
VMP halo sample for substructure searching. After can-
didate groups are identified, we try to find their associ-
ated members in the APOGEE halo sample and samples
of chemically peculiar stars. Specifically, the latter in-
cludes the r-process-enhanced star catalog from Roederer
et al. (2018) and the CEMP catalog of stars provided
by Yoon et al. (2016), with a number of additional sup-
plements from the literature. A less strict parallax cut
(parallax over error ≥ 3) is imposed for pruning these
two samples, yielding 79 and 202 stars, respectively.
3. METHOD
3.1. Prescriptions
We employ the neural network based clustering
method StarGO (Yuan et al. 2018) to find substruc-
tures that are clustered in energy and integrals of
motion space. We calculate the orbital energy in
the gravitational potential of McMillan (2017) using
AGAMA (Vasiliev 2019). The energy (E) and compo-
nents of the angular momentum (Lx, Ly, Lz) are approx-
imately conserved, even if the potential is not spheri-
cal (e.g., Helmi & de Zeeuw 2000). Specifically, a net-
work of 100×100 neurons are trained by the VMP halo
catalog in the (E, L, θ, φ) space, where
θ = arccos(Lz/L), φ = arctan(Lx/Ly). (1)
We briefly summarize the neural network learning pro-
cess and group identification procedure below; a more
detailed description is available in Yuan et al. (2019).
Each grid point of the map shown in the middle panel
of Fig.1 hosts a neuron, which has a weight vector with
the same dimension as the input vector. The values for
all the weight vectors are initially randomized. For any
given star from the sample, we find the neuron having the
closest weight vector to its input vector. This neuron is
referred to as its best-matching unit (BMU). The unsu-
pervised learning is performed by updating the weight
vector of every neuron of the map closer to the input
vector of the given star. The learning effectiveness of
each neuron depends on its distance from the BMU on
the map. The neighboring neurons of the BMU learn
more effectively by updating their weight vectors much
closer to the input vector compared to neurons located
farther away. All the neurons change their weight vec-
tors from the previous values for every input star. One
iteration finishes after all the stars are input into the neu-
ral network once. After a sufficient number of iterations,
the weight vectors converge and the final map becomes
self-organized. Therefore, the entire learning process is
called a Self-Organizing Map. The difference in weight
vectors between neighboring neurons is defined as u. The
trained neural network can be quantified by a 100×100
matrix of umtx. The distribution of all the elements of
the matrix is shown in the left panel of Fig. 1.
In the middle panel of Fig. 1, we highlight neurons
with u < u16% and u < u40% with yellow and light blue,
respectively. They represent neurons which, judged by
similarity, lie in the top 16% and 40%, respectively. For
comparison, neurons with u > u80% are colored gray;
these have similarities in weight vectors that lie in the
bottom 20%. The different sets of neurons are associated
with stars having correspondingly similar or dissimilar
features in the input space. The most prominent struc-
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Fig. 1.— Results from the application of StarGO to the VMP halo catalog in the normalized (E, L, θ, φ) space. Left: The histogram
of u values (or separations in weight vectors between adjacent neurons), where the yellow, light blue, and gray areas denote u 6 u16%,
u 6 u40%, and u > u80%, respectively. Middle: The 100x100 self-organizing map with selected neurons marked with the same color coding.
The blue solid line denotes the slice at ymap = 72 as a typical representative. Right: The cross-section xmap-u of the slice for ymap = 72,
with the red line representing u = u80%. The areas above the curve and under u16% are yellow, under u40% are light blue, while those
below the curve and above u80% are gray.
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Fig. 2.— The relationship between the map of neurons (left) and
the input space (right). In the upper panels, the VMP halo sample
is color coded by φ, which describes the phase of the orbit as in
eq (1); in the lower panels, the color coding is by energy E. Notice
that the nearly diagonal line provides a good separation between
orbits with positive and negative φ in the upper panels. Notice
also that the low-energy orbits (E . −1.6 km2s−2) are present in
the same regions as the light blue patches in Fig. 1.
ture revealed by the trained neuron map is the nearly
diagonal boundary. Most of the neurons with high sim-
ilarities (the yellow and light blue patches) reside in the
lower left and upper right corners separated by the gray
boundary line. Neurons in these two regions correspond
to stars with negative and positive φ, which is the az-
imuthal phase angle of angular momentum (see the first
row of Fig. 2). Stars in the region of low absolute val-
ues of θ (inclination angle of the angular momentum) are
clearly separated into two sets, depending on their val-
ues of φ. The angular momentum of these stars are in
nearly opposite directions, thus their BMUs sit on op-
posite sides of the nearly diagonal boundary line. Those
stars with high absolute values of θ are close in angular
momentum directions; they are found in the upper region
of the neuron map in the upper-left panel of Fig. 2.
Besides the diagonal boundary line, we can also see
that the boundaries separate several white patches into
isolated islands (see the upper left corner in the middle
panel of Fig. 1). Neurons in the islands have more similar
weight vectors compared to those in their surroundings.
We take a slice of the neuron map at ymap = 72, shown
as the blue line, and plot the values of u along the grid
point of xmap in the right panel of Fig. 1. We fill the area
above the curve with u < u16% and u < u40% with yellow
and light blue, respectively. These regions represent the
range of xmap of the slice crossing the colored patches
of the neuron map. Similarly, the area under the curve
with u > u80% is filled with gray, denoting the range
of the slice in the gray region. The red horizontal line
shows the defined boundary at u80%. As can be seen,
the isolated islands containing both light blue and yellow
patches around the left edge of the map (xmap = 0, ymap
∼ 72) correspond to the deep valley in the (xmap, u) plot.
The group identification algorithm is performed by
gradually decreasing the value of the defined boundary
until isolated islands appear in the middle panel of Fig. 1.
This is equivalent to lowering the red line in the right
panel until the valley is separated by gray peaks for slices
from all directions across that island. Intuitively, we con-
sider the input data space is composed of star clusters
overlapping with each other. By taking a 1D slice of the
neuron map, they are shown as valleys. If the valleys
have lower value of u in slices from all directions, they
correspond to isolated islands in the neuron map. The
goal of the group identification is to find the critical value
of u which can pick out these structures. We then try
to obtain the most complete member list for each group,
and check its significance and level of contamination for
validation during the second step (see details in Sec. 3.2).
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We begin to find islands at the 90th percentile of the dis-
tribution of u, u90%, and perform the group identification
all the way to the 5th percentile, u5%.
3.2. Mapping Different Data Sets
After the unsupervised learning process, we can map
different datasets to the trained neural network by
matching input vectors to the BMUs. By this means,
we are able to obtain the relationship between the new
dataset and the trained network. The methodology of
this procedure is illustrated in detail in Yuan et al.
(2019), where it is used to show that the Cetus Stream
is associated with the globular cluster NGC 5824. Here,
we apply the same approach to map additional catalogs
(APOGEE, r-process-enhanced stars, and CEMP stars)
onto the trained map, as well as to quantify the signifi-
cance, contamination, and confidence level of the identi-
fied groups.
The algorithm is summarized in the following steps.
For a given group G, which has n > 5 star members,
extracted from the VMP sample (S) with a totalN stars,
we proceed as follows:
1. Obtain the probability density functions (PDFs)
for energy E, modulus of angular momentum L
and its direction θ and φ by Gaussian kernel density
estimation.
2. Draw a random sample (S1) of 5000 stars according
to the PDFs from 1.
3. Find the BMU for every star from S1 on the trained
neuron map, and obtain the stars associated with
group G on the map.
4. Calculate the 4-D distance between member stars
of G and their BMUs. Obtain the largest distance
for G denoted by uvw,max.
5. Calculate the 4-D distance between stars from S1
associated with G and their BMUs, which is re-
ferred to as uvw. Retain the stars with uvw 6
uvw,max, n1. Thus the probability of the retained
stars is p = n1/5000.
6. Calculate the binomial probability P of detecting a
group with more than n stars from the total sample
of N stars, given the probability p. If 1 - P >
99.73%, the significance of G is larger than 3σ, and
we consider it as a possible detected group.
7. If G is a possible detected group, we estimate the
contamination fraction from S1, which is defined
as Fc = p/(n/N ). G is considered as valid if Fc 6
40%.
After obtaining all of the valid groups, the same ap-
proach is utilized to check the confidence of membership.
For G, we first generate 100 Monte Carlo realizations for
each group member and denote this sample as SMC. This
is done by considering the observational uncertainties in
the 5D astrometric parameters together with the covari-
ance matrix, as well as the uncertainty in radial velocity.
Applying steps 1 – 5 to SMC, we obtain the probability
(pMC) of the Monte Carlo realizations that are associ-
ated with G, which quantifies the confidence level of a
given group member. The overall confidence level of G
is estimated by averaging pMC for all the members, as
listed in Table 1. For example, DTG-52 has the lowest
confidence level, 39%, among all the groups. This value
means that its groups members have a 39% chance, on
average, to be identified as members of DTG-52, taking
into account the observational errors.
Adopting the same approach, the trained neuron map
enables us to find the associated group members from the
APOGEE halo sample, as well as from the r-process-
enhanced star and CEMP star catalogs. Similarly, we
generate 1000 Monte Carlo realizations for each star in
a new sample, and apply steps 1 – 5 to that. We obtain
the probability (pAPOGEE, pr, and pCEMP) of the Monte
Carlo realizations that are associated with G. We con-
sider the star to be a valid member of G if its probability
is greater than 25%.
4. GROUPS IN THE VMP CATALOG
We identify 57 valid groups, at thirteen different values
of uthr, which satisfy the requirements in steps 6 and 7
above. We summarize the properties for all of the groups
in Table 1. Since they are identified dynamically, we refer
to them as “Dynamically Tagged Groups” (DTGs)14 In
Table 1, we also list the group size n, the contamination
fraction Fc, and the confidence level.
As an illustration of the group identification procedure,
Fig. 3 shows the DTGs identified with u3 = u80%. The
gray boundaries in the left panel are defined by neurons
with u > u3, which is the same threshold u80% as in
Fig. 1. We only pick out the newly formed islands at u3,
and find four of them are valid groups (DTGs-3, 4, 5, and
6). We note that there are several other white isolated
islands in the upper region of the neuron map. These
have either been identified with previous threshold val-
ues, or they do not meet the criteria for valid groups. We
show that DTGs-3, 4, 5 and 6 form separate, but partly
overlapping, clusters in energy and angular momentum
space in the middle panel. However, the separation be-
tween the groups is particularly clean, based on the poles
of the angular momentum vector, as shown in the right
panel.
After the identification, we plot all the groups in
the projected action-space map (Vasiliev 2018), and the
planes of orbit-averaged eccentricity and inclination an-
gle in Figs. 4 and 5. The latter quantities are obtained
by integrating orbits for about 10 orbital times. The
VMP halo stars are shown as gray dots in all the figures.
Note that the stars with disk dynamics are excluded, thus
the corner of very prograde orbits in the action space is
empty. Similarly, the region of stars with low e and small
i in the space of eccentricity and inclination angle is not
occupied. With these plots in hand, we are able to com-
pare with previous works (Helmi et al. 1999; Belokurov
et al. 2018; Myeong et al. 2018c, 2019), and assign origins
for the 57 groups. These are named in the last column
14 In order to preserve a meaningful nomenclature in the future,
as the numbers of DTGs from various analyses grow, we suggest
that, within a given paper, authors use DTG-x (where x is an
integer from 1 to n). A given group can be identified for later
reference by XXYY:DTG-x, where XX are the first and last initial
of the first author, and YY are the last two digits of the year
of publication (a, b, c, can be added if more than one paper is
published with the same lead author in a given year). For example,
DTG-1 in the present paper should be referred to as ZY20:DTG-1.
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Fig. 3.— Example of the group-identification process. Here, we use the threshold value uthr = u3 = 80%, which is the same as shown
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green) and DTG-6 (magenta). The middle and right panels show the input space of energy E and total angular momentum L, as well as
direction of the pole of the angular momentum vector. The four groups are clustered in dynamical space. Though there is some overlap in
the projection in (E,L), the groups are well-separated in the direction of their angular momentum vectors (θ, φ). The nearby halo stars
have φ in the range of −60◦ to −120◦ and 60◦ to 120◦, because the position vectors of these stars are close to φ = 0◦.
of Table 1, and are discussed in detail below. Note that
a large substructure like the Gaia Sausage or Sequoia
may become fragmented into several smaller groups due
to subtle differences in the dynamics – for example, ma-
terial torn off at different pericentric passages may have
different eccentricities or inclinations because of the ef-
fects of dynamical friction. This phenomenon can be also
seen in the action plots of earlier works (Myeong et al.
2018c, 2019). For example, both DTG-4 and DTG-5 be-
long to the Sequoia, while numerous groups are all part of
the extensive Gaia Sausage debris. The DTGs belonging
to the existing substructures are summarized in Table 2.
Note that nsub in the first column denotes the total num-
ber of members for each substructure. New groups are
classified into retrograde (Rg), polar, and prograde (Pg),
as shown in Table 3.
4.1. The Gaia Sausage
The progenitor of the Gaia Sausage is believed to be
very substantial, possibly comparable in mass to the
Large Magellanic Cloud (Belokurov et al. 2018). For ex-
ample, there are up to ∼ 20 potential globular clusters
showing typical chemo-dynamical characteristics of the
Gaia Sausage (Myeong et al. 2018b, 2019). The detritus
of the Gaia Sausage extends out to Galactocentric radii
of ∼ 30 kpc (Iorio & Belokurov 2019), which corresponds
to the break radius in the stellar halo. Deason et al.
(2013) predicted that the break radius was the apocen-
tric pile-up caused by the early accretion of a massive
satellite, and this was subsequently confirmed to be the
Gaia Sausage in Deason et al. (2018). Evidence from the
break radius in the relative age profile, as determined
from BHB photometry (Whitten et al. 2019), also sup-
ports the idea that the inner halo is formed through a few
prominent mergers, particularly the Gaia Sausage event.
The progenitor galaxy has been wholly destroyed, yet is
still only partially phase-mixed in the inner halo, with
clouds, shells, and feathers associated with its dismem-
berment. With such an enormous progenitor, we expect
our algorithm to identify substructures within the Gaia
Sausage, as well as detritus flung out of the nascent Milky
Way disk by its impact.
At ten different threshold values of uthr, we find 27
DTGs of 490 stars (see Table 2), all of which have high
eccentricities (〈e〉 & 0.7) and little or no net rotational ve-
locity. We associate DTGs with the Gaia Sausage if they
additionally have large radial motions with 〈JR〉 > 500
kpc km s−1 and small 〈Jz〉 < 500 kpc km s−1. This yields
the blue groups shown in Figs. 4 and 6. Although some
other DTGs may have high-eccentricity members with
e ≈ 0.7, we are able to distinguish them from the Gaia
Sausage groups based on the action constraints. There
are comparable numbers of DTGs that have slightly pro-
grade and retrograde orbits, consistent with the almost
head-on encounter originally postulated in Belokurov et
al. (2018). These DTGs also have different orbital ener-
gies, from −2×105 to −1.3×105 km2s−2, consistent with
different pieces of the debris from a single, almost radial
merger event.
We check the members of the Gaia Sausage groups
from APOGEE data, shown as the blue diamonds in
Fig. 7. They clearly separate into two groupings in the
metallicity-abundance plot. The subgroups on the low-α
track are from the progenitor of the Gaia Sausage. Their
chemistry is consistent with that of typical dwarf galax-
ies. Another subgroup is clustered in the high-α region,
which represents the typical chemistry of the thick disk.
These stars with high eccentricities and high-α are proba-
bly disk stars splashed up by theGaia Sausage event, evi-
dence for which has been presented elsewhere (Di Matteo
et al. 2018; Belokurov et al. 2019). Moreover, we high-
light the high-eccentricity region (e > 0.7) by light blue
shading in the upper panel, and plot them with the same
color in the lower panel. Just as for the Gaia Sausage
groups, these high-eccentricity stars are populated in two
sequences in the metallicity-abundance plot. For the low-
α sequence, there appears a hint of a change in gradient
at [Fe/H] = −1.3, as also seen by Mackereth et al. (2019).
High-eccentricity halo stars with [Fe/H] & −1.0 belong
almost wholly to the high-α sequence.
4.2. Retrograde Groups
The profusion of retrograde stars in the stellar halo
has long been a puzzle (Carollo et al. 2007; Majewski
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TABLE 1
VMP Groups
uthr G n Fc Confidence Substructure
u1(90th) DTG-1 9 0 % 85 % Helmi ? (vz > 0)
u2(84th) DTG-2 8 0 % 82 % Cand14 ?
u3(80th) DTG-3 38 1 % 94 % Helmi (vz < 0)
DTG-4 20 37 % 98 % Sequoia
DTG-5 6 0 % 87 % Sequoia
DTG-6 8 8 % 92 % Rg5
u4(70th) DTG-7 8 25 % 69 % Sausage
DTG-8 7 19 % 78 % New, Polar
u5(65th) DTG-9 9 33 % 68 % Sausage
u6(57th) DTG-10 5 0 % 70 % Rg5
DTG-11 15 0 % 91 % Cand10 ?
DTG-12 7 19 % 91 % Sausage
DTG-13 15 22 % 99 % Sausage
DTG-14 10 13 % 81 % Sausage
DTG-15 7 9 % 78 % New, Polar
u7(50th) DTG-16 5 0 % 80 % Sausage
DTG-17 7 8 % 58 % Sausage
DTG-18 16 16 % 66 % Sausage
u8(45th) DTG-19 25 28 % 86 % New, Pg
u9(40th) DTG-20 4 13 % 66 % Sausage
DTG-21 44 33 % 93 % New, Rg
DTG-22 27 29 % 94 % New, Rg
DTG-23 7 19 % 79 % Rg5
DTG-24 6 11 % 77 % New, Rg
u10(30th) DTG-25 6 22 % 71 % Sausage
DTG-26 9 22 % 90 % Sausage
DTG-27 13 31 % 79 % Sausage
DTG-28 20 16 % 95 % New, Rg
uthr G n Fc Confidence Substructure
u10(30th) DTG-29 74 35 % 93 % New, Rg
DTG-30 15 26 % 86 % Sausage
DTG-31 25 24 % 95 % Sausage
DTG-32 14 14 % 81 % Sausage
DTG-33 37 25 % 88 % New, Rg
u11(20th) DTG-34 8 0 % 83 % New, Polar
DTG-35 11 6 % 85 % New, Polar
DTG-36 8 8 % 82 % New, Polar
DTG-37 5 13 % 65 % Sausage
DTG-38 171 31 % 93 % Sausage
DTG-39 8 22 % 97 % New, Polar
DTG-40 17 18 % 82 % Sausage
DTG-41 22 9 % 94 % Sausage
DTG-42 11 12 % 84 % Sausage
u12(10th) DTG-43 8 14 % 84 % New, Polar
DTG-44 14 9 % 87 % New, Polar
DTG-45 25 15 % 85 % New, Polar
DTG-46 25 10 % 90 % Sausage
DTG-47 9 26 % 87 % Sausage
DTG-48 14 17 % 88 % Sausage
DTG-49 5 0 % 91 % Sausage
DTG-50 18 11 % 74 % Sausage
DTG-51 7 8 % 68 % New, Polar
DTG-52 4 0 % 39 % Rg5
DTG-53 5 11 % 56 % Rg5
DTG-54 4 0 % 97 % New, Polar
DTG-55 9 22 % 82 % Sausage
DTG-56 5 0 % 89 % Sausage
u13(5th) DTG-57 17 3 % 80 % Sausage
Notes – The values of uthr denoted by the percentiles in the brackets are listed in the first column. For each group G, n is the number of
valid members, Fc denotes the contamination fraction, and the confidence level is defined in Section 3.2. New groups are classified into
retrograde (Rg), polar, and prograde (Pg). Two groups may be associated with candidate groups found by Myeong et al. (2018a).
et al. 2012). Myeong et al. (2018c) identified a series
of high-significance retrograde substructures in the Gaia
data, which they called Rg1 to Rg7. Subsequently, some
of these (Rgs1-4 and 6) were associated with six ret-
rograde globular clusters, including two enormous ones,
FSR1758 and ωCentauri. The latter has been suggested
by multiple authors to be the core of a nucleated dwarf
galaxy (Bekki & Freeman 2003; Bekki & Norris 2006;
Joo & Lee 2013). This is consistent with the wreckage of
another dwarf galaxy – the Sequoia – which came in on
a strongly retrograde orbit, disgorging globular clusters
and debris throughout the inner Galaxy (Myeong et al.
2019).
We find 13 very retrograde groups (DTGs-4, 5, 6, 10,
21, 22, 23, 24, 28, 29, 33, 52, and 53), identified with
six threshold values (u3, u6, u9, u10, u11, and u12). By
comparing the reported substructures from Myeong et
al. (2019) with the action-space map shown in Fig. 4, we
are able to clearly associate DTG-4 and 5 with Sequoia
(plotted in green symbols), which has 27 stars in total.
The Sequoia groups have eccentricity e ≈ 0.5 and incli-
nation angle i ≈ 160◦. They are also highly retrograde,
with 〈vφ〉 ≈ −270 kms−1.
There is another slightly less-retrograde substructure,
Rg5, from Myeong et al. (2019), shown as red polygo-
nal boxes in Fig. 4, as well as in the top row of Fig. 6.
We find five groups (DTGs-6, 10, 23, 52, and 53) of 33
stars, marked by magenta triangles, that have a very
good match with these boxes, and thus are likely asso-
ciated with Rg5. In contrast to Sequoia, Rg5 has lower
eccentricity (e ≈ 0.3) and inclination angle (i ≈ 120◦),
and is less retrograde, with 〈vφ〉 ≈ −90 kms−1. Rg5 has
two components of vz, depending on the sign, which are
centered at 168 and −183 kms−1, respectively. Notice
too that the Sequoia groups have higher orbital energy
than Rg5, so the two substructures are well-separated in
the projected space of energy and azimuthal action.
The remaining six retrograde DTGs all have lower or-
bital energy than Sequoia (E 6 -1.6×106 km2s−2), but
more retrograde orbits than Rg5, as shown in the (Jφ, E)
space in the second row of Fig. 6. Some of these groups
may be from the same progenitor, but without chemi-
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Fig. 4.— The panels show the known VMP substructures in projected action space, and in the space of orbit-averaged eccentricity and
inclination angle, as inferred from numerical integration. In the left panel, the x-axis is (Jφ/Jtot), and the y-axis is (Jz − JR)/Jtot), where
Jtot = Jz + JR + |Jφ|. The gray dots represent all of the VMP halo stars in the catalog. Note that the stars with disk dynamics are
excluded, thus the corner of very prograde orbits in the action space panel is empty. Similarly, the representative region of low e and small
i in the space of eccentricity and inclination angle is not occupied. Notice that the DTGs associated with the Gaia Sausage are highly
eccentric, while the Sequoia DTGs all have high inclination, consistent with its very retrograde origin. The red polygon boxes show the
Rg5 group from Myeong et al. (2018c). The two r-II stars associated with Rg5 are shown as magenta star symbols with green shading, and
are well within the red boxes. The two r-II stars associated with the Gaia Sausage are shown as blue star symbols with green shading.
The stream discovered by Helmi et al. (1999) is shown as salmon circles and triangles, depending on the sign of the vertical velocity.
cal information it is hard to be certain. These groups
are separated crudely into two sets, colored with coral
and cyan, due to their differences in inclination angles,
as shown in the upper-right panel of Fig. 5. The coral
groups (DTGs-21, 24 and 29) have the same mean incli-
nation angle (i ≈ 160◦) as the Sequoia groups. The cyan
groups (DTGs-22, 28, and 33) appear to be more diffuse,
with slightly lower inclination angles (i ≈ 130◦ – 145◦).
The average rotational velocities of these two sets are
−120 kms−1 and −100 kms−1, respectively. The coral
groups have almost zero mean vertical velocity, whereas
the cyan groups have two disjoint portions, with vz cen-
tered at 96 and −111 kms−1, respectively. Both of these
two sets of groups occupy the same corner region of very
retrograde orbits as Sequoia in the action-space map (see
the right panel of Fig. 4). It is possible that some of these
DTGs are the low-energy debris from Sequoia.
We also look for the associated APOGEE members
for all of the retrograde DTGs. None of the stars can
be associated with Rg5, which implies that it is likely
a VMP-dominated substructure (Myeong et al. 2018c,
e.g.,). There are three stars (green triangles) belonging
to Sequoia. Two of them have [Mg/Fe] measurements,
and sit in the low-α region. We find 20 members for
the coral groups, and 9 members for the cyan groups.
There are two α-rich members for both sets, which are
stars originated from the disk. Excepting these stars,
the majority are metal-poor stars with [Fe/H] < −1.0,
which appear to follow the low-α sequence of a typical
dwarf galaxy. However, we are not able to confirm that
they follow the same track of [Mg/Fe] versus [Fe/H] from
the available abundance data. Further high-resolution
spectroscopic studies are crucial to verify the hypothesis
that they are from the same merger event.
4.3. The Helmi Stream or S2
This is one of the earliest pieces of halo substructure to
be found kinematically. Helmi et al. (1999) first discov-
ered a stream composed of eight stars in Hipparcos data.
When this was supplemented with an extended dataset of
metal-poor halo stars (Chiba & Beers 2000), the stream
was identified as having 12 members, separated into 3
stars with positive vz and 9 stars with negative vz. This
appeared to be a vindication of the power of searches in
angular momentum space, which associated two different
sets of debris in velocity space to the same substructure.
Helmi (2008) later provided a simulation that showed a
possible interpretation of the data as the partially phase-
mixed debris of a heavily disrupted satellite. Depending
on the relative location of observer to the cloud of debris,
we may expect to observe the debris as two separate ve-
locity groups.
Subsequently, Myeong et al. (2018a) re-discovered the
stream in their search for substructures in velocity space
using Gaia DR1 data, cross-matched with the SDSS spec-
troscopic survey. They labelled it S2, as its connection
with the structure found by Helmi et al. (1999) was not
immediately apparent. A total of 73 stars were found in a
striking, well-defined, and kinematically cold stream with
prominent negative vz motion, which could correspond
to the negative vz portion of the simulation from Helmi
(2008). S2 revealed a clear stream feature for the first
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Fig. 5.— The panels show the new VMP groups in the same spaces as in Fig 4. These new DTGs separated into predominantly prograde
and retrograde (top panels) and primarily polar (bottom) substructures. The red polygon boxes in the upper panels show Candidate Group
14 from Myeong et al. (2018c), which is close to DTG-2.
time – the substructure was extended along the direction
of its streaming motion. They fitted a model to S2, and
argued that its progenitor had a total mass of ∼ 109M
and a stellar mass of ∼ 106M, making it comparable
to a present-day dSph like Draco. Myeong et al. (2018c)
searched for substructures in action space, and S2 was
once again recovered. Since the actions can be consid-
ered as a set of integrals of motion, a group of stars with
positive vz motion (with comparable action variables)
were also included as a potential members in addition to
the prominent negative vz stream. However, the positive
vz portion appears more diffuse, without clear features
in configuration space. The metallicity distribution func-
tion of S2 is peaked at [Fe/H] = −1.9 with a dispersion
of 0.23 dex, ranging from −2.65 to −1.3 (Myeong et al.
2018c).
After Gaia DR2, Koppelman et al. (2018) used its
cross-match with APOGEE, RAVE, and LAMOST to
identify more possible members. They drew a rectan-
gular selection box in the space (Lz, L⊥ =
√
L2x + L
2
y)
to claim nearly 600 members of the stream, although of
course this includes some contaminants from other halo
stars that enter the box. They argued that the metallic-
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Fig. 6.— Kinematic and dynamic properties of the DTGs, shown in the principal planes of energy and action space. For clarity, the same
three plots are repeated in each row, but for different DTGs, as noted in the legends. Notice that the Gaia Sausage substructures (blue
diamonds) have zero net azimuthal action, consistent with its interpretation as an almost head-on merger. The Gaia Sausage and Sequoia
correspond to the locations seen in Myeong et al. (2018b) and Myeong et al. (2019). The stream found in Helmi et al. (1999) is separated
into two clumps, depending on the sign of the vertical velocity. The red boxes in the panels in the first row show Rg5, while those in the
second row show Candidate Group 14 from Myeong et al. (2018c). The four r-II associated with these substructures are plotted in the
same fashion as Fig. 4; the two belonging to Rg5 are well within the red box.
ity distribution ranges from [Fe/H] = −2.3 to 0.0, and
peaks at [Fe/H]= −1.5 (see Fig. 10. of Koppelman et
al. 2018). The authors considered the stars with [Fe/H]
& −0.5 to be likely contaminants. Their N-body simula-
tions favored a system with a stellar mass of ∼ 108M
accreted 5–8 Gyr ago. This is significantly larger than
suggested by Myeong et al. (2018a). In their picture, the
progenitor is an substantial dwarf galaxy, contributing
approximately 15% of its mass in stars.
Based on the velocity properties of the 38 member stars
of DTG-3 (see Table 2), it can be readily confirmed as the
analog of S2 (Myeong et al. 2018a), similar to the neg-
ative vz part of the simulation of Helmi (2008). On the
other hand, DTG-1 (with 9 stars) is a more diffuse sub-
structure with positive vz motion, similar to the positive
vz group mentioned above. It has slightly higher energy
and a larger radial motion than DTG-3, as can be noted
from the plots in the second row of Fig. 6. The pole of
its angular momentum vector is also reversed because of
the opposite sign of vz. There appear to be two possi-
bilities. First, such differences could arise if DTG-1 was
stripped at an earlier pericentric passage from the same
progenitor as DTG-3. Alternatively, DTG-1 may have a
different origin than DTG-3 entirely, in which case DTG-
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Fig. 7.— Chemo-dynamics of the substructures. Each column shows the planes of eccentricity, azimuthal velocity, and abundance plotted
against metallicity, but for different DTGs, as noted in the legends. The gray dots are the APOGEE halo stars, while the blue shaded area
corresponds to eccentricity > 0.7. These stars are color-coded light blue in the lower two panels. Notice that the high eccentricity stars
follow two distinct sequences in the abundance-metallicity plane. All the members associated with DTGs from APOGEE are plotted using
the same symbols as before. The small blue diamonds or Gaia Sausage stars are separated into two subgroups, with the more metal-poor
members ([Fe/H] . −1.3) showing chemistry consistent with a dwarf galaxy origin, but the more metal-rich members ([Fe/H] & −1.3)
consistent with a thick-disk system origin. These may be stars heated by the Gaia Sausage impact into halo-like orbits, the so-called
Splash or Plume (Di Matteo et al. 2018; Belokurov et al. 2019). Notice as well that most of the stars belonging to the two prograde groups
(DTG-2 and DTG-19) are also consistent with this heated or splashed thick-disk component. The majority of stars belonging to the new
retrograde DTGs are metal poor, and follow the low-α sequence of typical dwarf galaxies.
3 would be the residue of a less-massive dwarf. High-
resolution spectroscopic data should allow us to verify
which of these hypotheses is more probable.
The metallicity distribution function of this substruc-
ture can be examined here by using the map of the
APOGEE halo sample onto the trained neuron network.
This is shown in Fig. 7, with the two possible portions of
the stream represented by orange triangles and circles.
From the metallicity-abundance plot, they appear to be
mostly α-poor, and the metallicity distribution is trun-
cated at [Fe/H] . −1.3. The metal-rich star at [Fe/H]
≈ −0.6 is a clear contaminant, judged from its [Mg/Fe]
and its orbital rotation velocity vφ, which marks it as a
member of the thick disk.
4.4. Prograde Groups
Compared with the rest of the groups, DTG-2 (brown)
and DTG-19 (yellow) are very prograde. Both have mod-
erate eccentricity (e ≈ 0.6 – 0.8), but lowish inclinations
(i ≈ 30◦). They are both populated with stars having
inward and outward vR. This is typical of highly dis-
rupted substructures, in which there may be multiple,
co-existing wraps. The rotational velocity of DTG-19 is
≈ 80 km s−1, which is characteristic of the metal-weak
thick disk. The two clumps of DTG-19 with opposite
vR are centered at ≈ 140 kms−1 and ≈ −157 kms−1,
respectively. DTG-2 has a larger 〈vφ〉 ≈ 150 km s−1,
as compared to DTG-19, as well as larger radial action
and higher orbital energy. Both groups are in the region
close to the disk stars in the (Jφ, E) space. In the up-
per row of Fig 5, as well as in the second row of Fig 6,
we have plotted the substructure Candidate Group 14
from Myeong et al. (2018c) as a red polygon. The latter
plots especially suggest that DTG-2 is likely the same
substructure as Candidate Group 14.
Although DTG-2 and DTG-19 have lower eccentrici-
ties than the Gaia Sausage groups, they are still high
compared to typical disk stars. It is difficult to trace
their origins from dynamics only, thus we look for chem-
ical abundance information via their associated members
from APOGEE. We find three candidate members asso-
ciated with DTG-2 and five with DTG-19. From Fig. 5,
we see that these members have orbital eccentricities,
around 0.6 – 0.8. Two of the three DTG-2 members,
and three of the five DTG-19 members, sit in the region
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associated with the thick-disk system in the abundance
versus metallicity plot. The other three stars from these
two groups are very metal poor, so their abundances will
have larger uncertainties. Although the sample size of
APOGEE members is small, the [Mg/Fe] values of DTG-
2 and DTG-19 favor the scenario that they are associated
with the splashed or heated-disk component arising from
the Gaia Sausage merger event (Di Matteo et al. 2018;
Belokurov et al. 2019).
Prograde orbits with strong radial motion match the
description of the recently claimed Nyx substructures
from Necib et al. (2019a,b). These two streams have
oppositely directed subgroups, centered on vR at ≈ 156
kms−1 and ≈ −124 kms−1, respectively, with rotational
velocities of 141 kms−1 and 120 kms−1. The similari-
ties between the velocities of the Nyx substructures with
the two prograde DTGs suggest that they too may be
aspects of the same Splashed Disk phenomenon.
4.5. Polar Groups
The remaining groups all have relatively polar orbits.
They are roughly separated into three different sets in
the third row of Fig. 6. The maroon group (DTG-11)
has slightly higher Jz and E, whereas the orange groups
and the purple groups are similar, but have different sign
of Jφ. The orange groups (DTGs-8, 36, 44, 54 and 55)
are slightly retrograde, while the purple groups (DTGs-
15, 34, 35, 39, 43, 45 and 51) are slightly prograde.
From velocity space, we see that the DTG-11 has a
prominent vertical motion, with 〈vz〉 = 230 km s−1 , but
almost zero rotation. It has a very polar orbit, which
moves almost in the (x, z) plane, perpendicular to the
plane of the Galactic disk. The orbital inclination is
about 90◦, and the eccentricity is low, e ≈ 0.3. DTG-11
almost connects with the orange and purple sets. The
latter two have opposite inclination angle offsets, ≈ 20◦
compared to DTG-11, and extended ranges of eccentric-
ity. They are less polar than DTG-11, as clearly shown
in Fig. 5.
From the distribution of DTG-11 in action space,
it probably is a associated substructure with one of
the metal-poor Candidate Groups from Myeong et al.
(2018c), who found a number of polar groups with low
mean metallicity, such as Candidate 10 with 〈[Fe/H]〉 ≈
−2.0. Notice that all of the polar DTGs overlap with the
Gaia Sausage groups in the (Jφ, E) space, but have much
more polar orbits. They may nonetheless be associated
with the Gaia Sausage, but were perhaps stripped off
earlier when its orbit was less eccentric. The simulations
of Amorisco (2017) show that massive satellites can lose
their angular momentum to dynamical friction and grad-
ually become more radial. The earlier stripped material
may therefore have significant angular momentum, even
if the final merger event is almost head-on.
From the APOGEE data, we find two members for the
orange groups and 12 members for the purple groups.
For both sets, half of the members reside in the low-α se-
quence, while the other half are in the high-α sequence.
Although the metal-poor purple set appears to follow
the lower-α track compared to the Gaia Sausage stars,
more members with detailed abundance measurements
are required to verify their origin. Similar to the ret-
rograde groups, the α-rich members are originated from
the thick-disk system.
5. EARLY NUCLEOSYNTHESIS SIGNATURES
We now search for r-process-enhanced and CEMP
stars that may be dynamically associated with the VMP
groups. We recall from Sec 3 that the confidence of a
given group member is defined as the probability of the
Monte Carlo realizations of that member being associ-
ated with the group. The properties of the chemically
peculiar members associated to different groups are listed
in Table 4.
5.1. Association with r-Process-Enhanced Stars
We find that four r-II stars in total are associated with
two of the DTGs. CS 31082-001 and J2357-0052 are as-
sociated with DTG-10. We plot them by star symbols in
dynamical space; they are seen to be well within the box
of the Rg5 group from Myeong et al. (2018c) in Fig. 4
and 6. Both stars have very low metallicities, [Fe/H] =
−2.78 and −3.36, respectively, and stand out compared
to other r-II stars. First, both stars have an extreme en-
hancement of r-process elements, with [Eu/Fe] = +1.65
and +1.92, respectively. These exceed the nominal cri-
teria of [Eu/Fe] > +1.0 required for r-II stars (Beers &
Christlieb 2005). In fact, among extremely metal-poor
stars ([Fe/H] < −3.0), SDSS J2357-0052 is currently one
of the most r-process-enhanced stars known (Suda et al.
2008). CS 31082-001, on the other hand, is one of the
best-studied r-II stars, with detailed abundances for 26
heavy elements beyond Sr, including the actinides Th
and U. This star was the first example of a subclass
of r-process-enhanced stars with Th and U abundances
that are unexpectedly high, relative to Eu, referred to
as “actinide-boost” stars (Hill et al. 2002). It is not
presently known if SDSS J2357-0052 is also an actinide-
boost star, as there is only a relatively high upper limit
on [Th/Fe] (< +2.74; Aoki et al. 2010), and no measure-
ment of U, available. Clearly, this star is of great interest
for further study. Interestingly, based on the clustering of
35 highly r-process-enhanced stars with [Eu/Fe] > +0.7
in the (E, Jr, Jφ, Jz) space, these two stars belongs to
the same Group C from Roederer et al. (2018). This is
consistent with our findings that they are dynamically
associated with the same substructure, Rg5.
Using the SDSS-Gaia halo sample, Myeong et al.
(2018c) show that Rg5 has very low mean metallicity
([Fe/H] = −2.16). According to the universal relation
between stellar mass and metallicity for dwarf galaxies
from Kirby et al. (2013), the progenitor of Rg5 is likely
a very low-mass dwarf galaxy with stellar mass of 103
– 106M, such as an UFD. Our findings of the two r-II
members with extremely low metallicities also favor the
scenario of a very low-mass progenitor. Intriguingly, the
absolute abundance of Eu in both the r-II stars in DTG-
10 are identical (within 1σ) with values of log (Eu) =
−0.92 ± 0.19 and −0.76 ± 0.11. This is consistent with
uniform enrichment of a low-mass dwarf galaxy by a sin-
gle r-process event, similar to Reticulum II (Ji et al. 2016;
Roederer et al. 2016).
Two additional r-II stars, J00405260-5122491 and
2MASS J2256-0719, are found to be associated with
DTG-38. Similar to DTG-10, the absolute abundances of
Eu in the r-II stars are identical to each other. But unlike
DTG-10, the metallicity of the r-II stars are very similar
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TABLE 2
Dynamical Properties of Existing Substructures
Substructure (nsub) Groups Component (〈vR〉, 〈vφ〉,〈vz〉) (〈JR〉, 〈Jφ〉, 〈Jz〉) 〈E〉
(σvR , σvφ ,σvz ) (σJR , σJφ ,σJz ) σE
(km s−1) (kpc km s−1) km2s−2
Helmi? (9) DTG-1 (4.5, 197.2, 244.3) (1118.6, 1839.4, 1118.0) −1.1×105
(146.0, 62.6, 42.4) (700.0, 532.5, 400.1) 9.6×103
Helmi (38) DTG-3 (26.2, 157.1, −241.3) (253.2, 1367.9, 1123.7) −1.3×105
(78.9, 28.8, 27.2) (100.9, 236.9, 277.9) 3.6×103
DTG-7,9,12,13,14,16,17,18,20, (2.1, −0.3, −8.7) (715.2, −3.7, 155.3) −1.7×105
Sausage (490) 25,26,27,30,31,32,37,38,40, (136.6, 35.0, 72.3) (229.7, 296.2, 141.5) 1.2×104
41,42,46,47,48,49,50,56,57
Sequoia (27) DTG-4,5 (−36.9, −273.9, −87.0) (712.4, −5.1, 169.4) −1.3×105
(138.2, 36.7, 65.0) (534.4, 293.8, 119.9) 1.2×104
DTG-6,52,53 vz (+) (−25.3, −98.0, 168.0) (195.7, −872.8, 769.3) −1.5×105
Rg5 (33) (89.1, 23.5, 39.6) (117.4, 244.6, 237.9) 1.0×104
DTG-10,23 vz (-) (21.5, −74.5, −183.4) (118.1, −637.4, 956.8) −1.4×105
(79.7, 41.3, 56.8) (95.5, 352.8, 331.0) 4.1×104
([Fe/H] ∼ −2.2), but much higher compared to DTG-10.
Interestingly, the metallicity of the r-II stars in DTG-
38 are similar to the typical metallicity of r-process-
enhanced stars reported in classical dwarf spheroidals,
such as Fornax (Letarte et al. 2010; Lemasle et al. 2014)
and Draco (Cohen & Huang 2009). This is consistent
with DTG-38 being the debris from a more massive sys-
tem such as the Gaia Sausage.
5.2. Association with CEMP Stars
CEMP stars are important tracers of very early nu-
cleosynthesis, and are more numerous than r-process-
enhanced stars. They are frequently separated into
sub-classses according to their neutron-capture element
abundances (Beers & Christlieb 2005). CEMP-s stars
exhibit enhancements in their s-process elements, espe-
cially in Ba, and are frequently found to have radial-
velocity variations (Starkenburg et al. 2014; Hansen et
al. 2016b). Their high C and s-process element abun-
dances can be understood as a result of the mass transfer
from an evolved binary companion. CEMP-i (formerly
referred to as CEMP-r/s) stars have higher r-process-
element abundances than CEMP-s stars, but they are
also likely to be the result of binary interaction. Their
abundance pattern is well-described by neutron-capture
reactions in an “intermediate” neutron density environ-
ment (Hampel et al. 2016). On the other hand, CEMP-
no stars show no enhancement in their neutron-capture
elements, with a clearly lower binary frequency than
CEMP-s stars (Hansen et al. 2016a). Their C excess
is generally attributed to nucleosynthesis pathways asso-
ciated with the very first stars to be born in the universe
(Iwamoto et al. 2005; Meynet et al. 2006). We are able
to find nine CEMP stars associated with four existing
substructures, and five with the newly identified ones.
The Gaia Sausage groups are associated with six
CEMP stars of different sub-classes (CEMP-i, CEMP-
s, and CEMP-no). DTG-13 hosts one CEMP-s star and
one CEMP-i star. DTG-38, which is associated with two
r-II stars, also has one CEMP-s and one CEMP-no star.
We find one CEMP-s star in Rg5, and one in each of
the five new DTGs (DTGs-29, 28, 33, 19, 45). Among
these CEMP-s stars, the one associated to DTG-29 is
relatively metal-rich ([Fe/H] = −1.59).
Although CEMP-s stars constitute a substantial sub-
group in the stellar halo (Yoon et al. 2019), only one is
known in all of the dwarf galaxies (Frebel et al. 2014). No
CEMP-i stars have yet been found in dwarfs. Our find-
ings encourage the study of the birthplace of these heavy-
element enriched CEMP stars in the stellar halo by trac-
ing their dynamical origins. Overall, all the CEMP-no
associated in our study are found in substructures from
classical dwarf galaxies. The Helmi Stream and Sequoia
have one CEMP-no star each, and the Gaia Sausage has
two CEMP-no stars. Three of these four CEMP-no stars
have [Fe/H] ≈ −2.0. Observationally speaking, we see
more CEMP-no stars in this metallicity regime in clas-
sical dSph galaxies, compared to UFDs (see Figure 1 of
Yoon et al. 2019), though this may just reflect that fact
that this is the “metal-rich” tail of the MDF of UFDs.
6. DISCUSSION AND CONCLUSIONS
We have carried out a search for substructure in a
catalog of 3364 very metal-poor (VMP) stars with halo
kinematics extracted from LAMOST DR3. We used an
neural-network algorithm based on Self-Organizing Map,
StarGO, to identify groups of stars with similar dynam-
ics in the input space of energy and angular momentum.
The advantage of VMP stars is that they preferentially
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TABLE 3
Dynamical Properties of New Groups
New Groups Component (〈vR〉, 〈vφ〉,〈vz〉) (〈JR〉, 〈Jφ〉, 〈Jz〉) 〈E〉
(σvR , σvφ ,σvz ) (σJR , σJφ ,σJz ) σE
(km s−1) (kpc km s−1) km2s−2
DTG-21 (7.8, −129.3, −31.4) (241.1, −1114.2, 48.0) −1.7×105
(69.2, 21.4, 22.2) (79.9, 183.0, 32.7) 4.9×103
DTG-24 (19.1, −148.2, −87.5) (123.9, −1279.4, 150.4) −1.6×105
(50.9, 17.1, 11.8) (41.5, 87.3, 65.8) 1.9×103
DTG-29 (−16.7, −115.2, 29.2) (280.6, −931.8, 51.1) −1.7×105
Rg (67.8, 32.4, 20.2) (115.3, 233.7, 44.1) 4.3×103
DTG-22 (−13.4, −107.5, 95.6) (234.0, −903.2, 195.7) −1.7×105
(66.4, 16.9, 19.1) (76.0, 138.8, 66.4) 5.2×103
DTG-28 (−4.0, −106.1, −143.2) (287.1, −889.5, 478.3) −1.6×105
(115.8, 29.3, 30.3) (138.7, 185.3, 128.2) 3.5×103
DTG-33 (19.7, −94.8, −96.2) (277.2, −761.4, 272.0) −1.7×105
(84.4, 18.2, 36.0) (147.7, 121.8, 163.2) 3.4×103
vR (+) (221.2, 155.7, 139.7) (1071.2, 1372.1, 295.0) −1.3×105
DTG-2 (Cand14) (26.2, 33.8, 52.3) (195.9, 289.7, 216.7) 3.6×103
vR (-) (−244.1, 211.5, −22.1) (998.4, 1741.8, 83.3) −1.3×105
Pg vR (+) (139.7, 74.4, 82.6) (550.4, 646.0, 154.6) −1.6×105
DTG-19 (22.6, 15.7, 25.7) (110.2, 99.6, 72.5) 3.4×103
vR (-) (−157.0, 78.6, 60.8) (580.5, 671.4, 136.7) −1.6×105
(22.3, 21.7, 25.9) (100.1, 156.9, 79.5) 2.3×103
DTG-11 (Cand10?) (−47.9, 21.8, 229.2) (102.3, 192.3, 1830.6) −1.4×105
(75.4, 19.2, 21.5) (41.9, 160.1, 126.0) 1.9×103
DTG-8 (94.6, -45.7, 200.2) (861.6, -389.6, 1068.9) -1.3×105
(187.7, 45.0, 39.2) (153.5, 370.5, 182.9) 4.2×103
DTG-44 (-3.2, -17.8, 170.4) (167.2, -152.1, 1093.3) -1.6×105
(69.9, 20.4, 18.6) (57.4, 170.4, 133.1) 1.0×103
DTG-54 (-38.0, -47.4, 131.2) (342.2, -401.5, 536.0) -1.7×105
(86.5, 10.8, 11.5) (82.0, 96.0, 146.1) 2.0×103
DTG-36 (9.2, -35.0, -143.7) (310.2, -308.0, 785.9) -1.6×105
(79.2, 12.8, 22.6) (93.0, 102.7, 76.9) 3.6×103
DTG-39 (15.3, 32.6, 135.2) (330.7, 277.0, 567.5) -1.7×105
(43.8, 11.0, 16.3) (67.7, 104.5, 148.1) 1.6×103
Polar DTG-43 (-10.3, 59.4, 155.8) (220.6, 489.7, 682.4) -1.6×105
(81.6, 12.9, 15.7) (88.3, 96.1, 82.9) 3.0×103
DTG-15 (12.1, 35.7, -185.5) (575.7, 289.5, 1012.4) -1.5×105
(174.8, 19.4, 44.8) (164.5, 157.8, 289.9) 3.1×103
DTG-34 (-12.3, 93.3, -176.3) (113.8, 736.7, 707.2) -1.6×105
(49.0, 9.9, 9.1) (77.1, 60.1, 97.7) 2.2×103
DTG-35 (30.5, 37.0, -160.5) (216.6, 331.8, 952.0) -1.6×105
(69.5, 11.7, 22.0) (95.2, 105.2, 110.6) 2.8×103
DTG-45 (-13.6, 40.3, -113.0) (430.5, 330.1, 348.1) -1.7×105
(85.3, 17.2, 23.1) (80.0, 129.7, 172.5) 2.5×103
DTG-51 (-9.1, 64.9, -138.6) (301.0, 524.4, 493.1) -1.6×105
(94.4, 6.3, 30.3) (110.8, 43.8, 124.3) 1.4×103
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TABLE 4
Associated Chemically Peculiar Stars
Substructure Group Star ID Type Confidence [Fe/H] [C/Fe] [Ba/Fe] [Eu/Fe] Reference
Helmi DTG-3 HE 1135-0344 CEMP-no 87 % −2.63 +1.03 . . . . . . Barklem et al. (2005)
Sausage DTG-13 CS 22898-027 CEMP-i 44 % −2.49 +2.11 +2.56 +1.92 Masseron et al. (2012)
SDSS J0924+4059 CEMP-s 41 % −2.51 +2.73 +1.86 . . . Aoki et al. (2008)
DTG-18 HE 1249-3121 CEMP-no 26 % −3.23 +1.86 . . . . . . Barklem et al. (2005)
DTG-38 J00405260-5122491 r-II 100 % −2.11 −0.04 −0.04 +0.86 Hansen et al. (2018)
2MASS J2256-0719 r-II 28 % −2.26 +0.18 +0.26 +1.10 Sakari et al. (2018)
CS 22945-024 CEMP-s 87 % −2.58 +2.30 +1.43 +0.44 Roederer et al. (2014)
HE 0007-1832 CEMP-no 32 % −2.79 +2.66 0.09 < +1.75 Cohen et al. (2013)
DTG-41 CS 22958-042 CEMP-s 46 % −3.40 +2.56 −0.61 < +1.54 Roederer et al. (2014)
Sequoia DTG-5 CS 29514-007 CEMP-no 37 % −2.83 +0.89 −0.14 < +1.74 Roederer et al. (2014)
Rg5 DTG-10 SDSS J2357-0052 r-II 26 % −3.36 +0.43 +1.08 +1.92 Aoki et al. (2010)
CS 31082-001 r-II 25 % −2.90 +0.29 +1.12 +1.62 Hill et al. (2002)
DTG-53 HD 005223 CEMP-s 28 % −2.11 +1.58 +1.88 . . . Goswami et al. (2006)
New Rg DTG-29 CD-62:1346 CEMP-s 42 % -1.59 +0.86 +1.58 . . . Pereira et al. (2012)
New Rg DTG-28 CS 29526-110 CEMP-s 79 % −2.38 +2.20 +2.11 +1.73 Aoki et al. (2002)
New Rg DTG-33 BD+04:2466 CEMP-s 62 % −1.92 +1.17 +1.70 . . . Pereira & Drake (2009)
New Pg DTG-19 SDSS J0212+0137 CEMP 65 % −3.57 +2.28 +0.16 . . . Bonifacio et al. (2015)
New Polar DTG-45 BD-01:2582 CEMP-s 96 % −2.62 +0.86 +1.05 +0.36 Roederer et al. (2014)
CS 22880-074 CEMP-s 53 % −1.93 +1.30 +1.31 +0.50 Aoki et al. (2002)
originate from the ultra-faint and other dwarf galaxies
that are the building blocks of the stellar halo. The al-
gorithm used here is different than previous works (e.g.,
Myeong et al. 2018a,c), which typically build a data-
driven smooth model against which to identify substruc-
ture as residuals. We identified 57 dynamically tagged
groups (DTGs) comprising 972 member stars in total, us-
ing StarGO applied to a “cleaned” version of the DR3
VMP catalog. Reassuringly, even though the algorithm
and the dataset are very different, we are able to recover
all of the known significant substructures in the nearby
stellar halo, including the Gaia Sausage (Belokurov et al.
2018), Sequoia (Myeong et al. 2019), the Helmi Stream
(Helmi et al. 1999), the Splashed Disk (Di Matteo et al.
2018; Belokurov et al. 2019), and some of the substruc-
tures found by Myeong et al. (2018c), particularly Rg5.
This helps build confidence in the reality of the substruc-
tures found both here and elsewhere.
The VMP stars potentially provide a great deal of in-
formation about the assembly history of the Milky Way.
In a massive dwarf galaxy, such as the Gaia Sausage
progenitor, the VMP stars constitute a small fraction of
its entire stellar population. Nevertheless, a massive pro-
genitor contributes a significant portion of the VMP halo
stars, because the number of the VMP stars scales with
progenitor mass. More importantly, the clustering sig-
natures are more pronounced in the VMP halo stars as
compared to the full halo sample. The latter have a much
larger smooth-halo population, dominated by stars with
−2 . [Fe/H] . −1 from a few massive merger events.
Although our DTGs are identified in the VMP cat-
alog, an attractive feature of StarGO is that we can
match other catalogs onto the fully trained neuron map.
This means that we can search for chemically peculiar
stars associated with our substructures. Furthermore,
we can take advantage of the precise abundances in
APOGEE (Abolfathi et al. 2018) to probe the chemistry
of our substructures as well. This considerably extends
the power and applicability of the algorithm.
The Gaia Sausage is recovered as multiple groupings of
VMP stars, all of which have characteristically high ec-
centricities (e & 0.7). Examined in the plane of metallic-
ity versus abundance using APOGEE data, these groups
divide into two sequences. The first is a low-α track with
the hint of a knee at [Fe/H] = −1.3, which is typical of
massive dwarf galaxies like the Gaia Sausage progeni-
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tor. The second is a high-α track with chemistry akin
to thick-disk stars, despite their high eccentricity. This
component is the Splashed Disk or Plume, identified in
Di Matteo et al. (2018) and Belokurov et al. (2019).
The impact of the Gaia Sausage on the proto-disk of
the Milky Way excited these stars onto high-eccentricity
orbits. Although the existence of some Splashed Disk
stars is expected, it is surprising how much of the high-
eccentricity halo lies on the high-α track.
One of the Gaia Sausage debris is found to be associ-
ated with two r-II with similar but slightly higher metal-
licity that are typical of r-process enhanced stars found
in classical dwarf spheroidals. This is consistent with
the fact that the progenitor of the Gaia Sausage was
massive. The enhancement of r-process elements in such
massive systems is expected to have large variations that
are caused due to inhomogeneous mixing in their rela-
tively large gas reservoirs (as well as mergers with lower-
mass galaxies) resulting in both r-II and r-I stars. Thus,
it is very likely that some r-I stars are originally from
the Gaia Sausage progenitor, but the dynamical associa-
tions are not sufficiently strong for our method to assign
confident membership.
The Sequoia is retrieved as two groups of VMP stars
(DTG-4 and DTG-5), which are very strongly counter-
rotating, and have chemistry consistent with a dwarf
galaxy. Another retrograde substructure conspicuous in
the VMP population is Rg5, first identified by Myeong et
al. (2018c). Interestingly, two highly r-process-enhanced
stars with almost the same Eu abundances and very low
metallicities, are dynamically associated with DTG-10
confidently. From observations of surviving UFDs such
as Reticulum II, we know that these r-process-enhanced
stars can be produced in low-mass dwarf galaxies, if they
are enriched by prolific neutron-capture events (e.g., Ji
et al. 2016). Ultimately, Rg5 needs further study using
high-resolution spectroscopy for the other group mem-
bers to constraining the mass of the progenitor and to
understand its early nucleosynthetic enrichment.
The Helmi Stream is seen in VMP stars potentially
as two dynamically tagged groups, DTG-1 and DTG-3,
which correspond to the (possible) positive vz portion
and the negative vz portion, respectively. It is not en-
tirely clear that DTG-1 and DTG-3 are parts of a single
substructure, as their dynamical properties are similar,
but differ in detail. DTG-3 is also much more populous,
with 38 stars, than DTG-1, with just 9 stars. Helmi
(2008) and Koppelman et al. (2018) interpret the Helmi
Stream as the highly phase-mixed residue of a large dwarf
galaxy which contributed 15 % of the stellar mass of the
Milky Way halo. The metallicity distribution function
of the selected member stars in Koppelman et al. (2018)
ranges from [Fe/H] = −2.34 extending to [Fe/H] = 0.0
(see Fig. 10. of Koppelman et al. 2018); the authors
assumed the stars with [Fe/H] & −0.5 are likely contam-
inants. Such a wide metallicity range requires a substan-
tial progenitor. On the other hand, the APOGEE stars
mapped on to DTG-1 and DTG-3 show a truncation at
[Fe/H] . −1.3 for the chemically cross-checked members,
while the more metal-rich star appears to have a thick-
disk origin to account for its high α-element abundance.
It is possible that the extended range of metallicity is
partially affected by contamination from thick-disk stars.
In this work, we also identified 20 new groups. Six of
them have retrograde orbits similar to Sequoia, but lower
orbital energy. They are possibly inner-halo debris from
the same merger event as Sequoia. We also find two very
prograde substructures, with properties comparable to
the present-day thick disk. Based on the APOGEE stars
mapped onto them, both are α-rich, but have high ec-
centricities compared to typical disk stars. They may be
associated with the splashed or heated disk component
generated by the Gaia Sausage merger event (Di Matteo
et al. 2018; Belokurov et al. 2019). The remaining sub-
structures all have relatively polar orbits. While their or-
bital eccentricities are lower than typical Gaia Sausage
stars, they may nonetheless have a common origin. It
is possible that they may be debris that was stripped
earlier, before the orbit of the Gaia Sausage progenitor
became radialized.
In contrast to the rarity of r-process-enhanced stars,
about 20% of VMP stars are also CEMP stars (Placco et
al. 2014). We found that four known substructures (the
Gaia Sausage, Sequoia, the Helmi Stream, and Rg5) have
CEMP members, as well as seven of the newly identi-
fied DTGs. The Gaia Sausage has six associated CEMP
stars, with a large diversity (CEMP-no, CEMP-s, and
CEMP-i). The absolute amount of carbon in the mem-
bers in each substructure could inform us as to the early
chemical enrichment history of its birth place.
This paper has taken the first steps in finding dy-
namical associations between disrupted dwarf galaxies
and chemically peculiar stars, which is crucial for study-
ing the birth environments of these accreted objects.
This helps us understand the nucleosynthetic events and
chemical evolution in UFDs and other dwarf galaxies in
the early universe, by recovering the detailed abundance
patterns for groups of stars from the same progenitor
dwarf galaxy. The great advantage of studying debris
in the nearby halo is that high-resolution spectroscopic
observations are much more readily obtainable, so we
expect this field of activity to have a rich future in the
coming decades.
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TABLE 5
Cleaned LAMOST DR3 Very Metal-Poor Star Catalog
Star Name g0 (g − r)0 Teff Error log g Error [Fe/H] Error [C/Fe] Error Det [α/Fe] Error Det
(K) (K) (cgs) (dex) (dex) (dex) (dex)
J000003.67+352146.0 12.974 0.418 5797 72 1.626 0.295 -2.881 0.148 0.810 0.225 D . . . . . . . . .
J000040.57+103809.7 15.918 0.348 5534 90 4.052 0.168 -1.875 0.150 0.051 0.126 D 0.361 0.039 D
J000100.49+372356.8 16.130 . . . 6049 50 1.420 0.598 -2.590 0.168 1.912 0.123 D . . . . . . . . .
J000130.90+364056.4 16.369 0.402 6197 75 3.405 0.291 -2.060 0.089 1.019 0.144 D 0.593 0.048 D
J000150.63+113921.8 15.960 0.294 6251 64 3.349 0.203 -1.995 0.150 0.728 0.123 D . . . . . . . . .
J000151.46+353921.8 13.438 0.521 6084 62 2.016 0.263 -2.539 0.090 0.823 0.118 U . . . . . . . . .
J000220.64+413404.1 16.324 0.456 5435 71 3.153 0.158 -1.986 0.126 0.202 0.091 D 0.408 0.042 D
J000230.54+462026.1 12.811 0.393 6218 68 2.675 0.189 -2.188 0.134 1.151 0.180 D . . . . . . . . .
J000232.81+263343.2 15.164 0.559 5222 47 2.945 0.241 -2.284 0.157 0.536 0.097 D 0.438 0.053 D
J000235.04+034337.5 15.116 0.220 6432 36 3.202 0.142 -2.793 0.131 1.259 0.147 D . . . . . . . . .
APPENDIX
In the original version of the LAMOST DR3 VMP catalog, published by Li et al. (2018), it was recognized by
a number of us that a substantial fraction (on the order of 20%) of the stars included in the catalog did not, in
fact, have spectra that suggested classification as VMP stars, for a variety of reasons. In order for us to employ an
improved version of this catalog for the present analysis, spectra from the entire original version was inspected visually
(by Beers), and the stars that were apparently problematic were noted. We then ran the spectral data through a
LAMOST version of the SSPP (which uses the flux-calibrated spectra), and another inspection was then carried out.
There still appeared to be a substantial number of problematic spectra, which were noted. Because it was sometimes
difficult to recognize which spectra are affected by poor flux calibration, we decided to run all of them through a
version of the n-SSPP, which does not use the flux calibration, but relies instead on a user-specified estimate of the
appropriate (g − r)0 colors (based on either the photometry in the original catalog, external photometry estimates,
or, in cases where such information was not available, or suspect due to high reddening, estimates of the color derived
from Balmer-line strengths).
In the final cleaned version of the VMP table (which includes stars validated to have [Fe/H] ≤ −1.8, presented
here in stub format, but available in full in the online version of this paper), the listed g0 and (g − r)0 come from
the final adopted photometric estimates. Estimates of Teff . log g, and [Fe/H] from the n-SSPP are supplied, along
with estimates of [C/Fe] and [α/Fe], where possible, are also provided. The columns labelled ”Det” in the table
indicate whether the estimate of [C/Fe] or [α/Fe] are considered as detections (D), upper limits (U), lower limits (L),
or non-detections (N).
